Five patterns describe over 80% of Oxytricha's completely annotated scrambled genes. A rearrangement pattern can have up to four equivalent representations. Inversions, translocations, and alternating odd-even patterns are most frequent. Nested instances of the five patterns account for over 96% of all scrambled genes. 
all so-called "junk" DNA, including short DNA segments (internal eliminated sequences, IESs) that interrupt precursor of macronuclear gene loci in the micronucleus. Because IESs often interrupt coding regions, each macronuclear gene may appear as several nonconsecutive segments (macronuclear destined sequences, MDSs) in the micronucleus. Moreover, the precursor order of these MDS segments for over 3500 genes can be permuted in the micronucleus (Chen et al., 2014) . During macronuclear development, the IESs that interrupt MDSs are deleted, and the MDSs rearrange to form the gene-sized chromosomes. Assembly of the new macronuclear chromosomes may require any combination of the following three events: descrambling of segment order, DNA inversion, and IES removal. Telomere addition also occurs at both nanochromosome ends. Several theoretical models have studied these DNA recombination processes (Ehrenfeucht et al., 2004 (Ehrenfeucht et al., , 2002 Kari and Landweber, 1999; Prescott et al., 2003; Angeleska et al., 2007) . The more recent models include an additional template RNA (or DNA) that guides the recombination process (Prescott et al., 2003; Angeleska et al., 2007) , as experimentally demonstrated in Nowacki et al. (2008) . A theoretical model based on spatial graphs was also introduced in Angeleska et al. (2007) . This model describes a micronuclear locus as a spatial graph, called an assembly graph, where vertices represent the homologous recombination sites, while a macronuclear chromosome is represented as a special path in the graph.
Recently the whole macronuclear (MAC) (Swart et al., 2013 ) and micronuclear (MIC) genomes for O. trifallax have been reported (Chen et al., 2014) , allowing for a genome-wide annotation of the rearrangement maps between the MIC and the MAC sequences. Although the somatic genome sequences for other species of ciliates have been reported as well, e.g., Aeschlimann et al. (2014) , Eisen et al. (2006) , Ricard et al. (2008) , Vinogradov et al. (2012) . Chen et al. (2014) provides the first published germline genome for any ciliate species. This allows us to draw a thorough comparison of the genetic sequences between the two types of nuclei, and to study the scrambled genetic patterns on a genomewide scale.
In this paper we analyze the patterns of scrambled genes of Oxytricha trifallax. Specifically, we identify the distributions of scrambled and nonscrambled genes, and for scrambled genes, we identify the precursor scrambled patterns with two representations: (a) DNA sequence rearrangement maps and (b) assembly graph representations. Five basic types of scrambled patterns are present in the sequences: (1) translocation, (2) inversion, (3) translocation together with inversion, and (4), (5) two types of global rearrangement maps of successive odd-even arrangements. These descriptions account for 81.7% of all scrambled genes. Moreover, combinations of two or three of these steps or operations can account for over 90% of all scrambled genes. We further analyze scrambled patterns in the remaining complex cases and find that most of these loci (96.4%) can derive from nested cases (up to 5 iterations) of the previous operations, reflecting multiple layers of DNA rearrangements during evolution.
Materials and methods

The analyzed data set
The MDS annotations analyzed in this paper are presented in Chen et al. (2014) , and can be downloaded directly from http:// trifallax.princeton.edu/cms/raw-data/genome/mic/Oxytricha_tri fallax_micronuclear_genome_MDS_IES_maps.gff, where the whole genome of Oxytricha trifallax is reported. This file contains MDS annotations for the 16,220 MAC contigs whose precursor MDSs map completely ( >90% covered) to single MIC loci, which constitutes over 88% all the contigs in the complete MAC assembly. The MDSs of the scrambled MAC genes are disproportionately mapped to multiple MIC loci (Chen et al., 2014) , but at least 2021 scrambled MAC loci are contained within single MIC loci. The data annotation includes the locations of MDSs in the MIC genome, labeled with their relative order of appearance, and whether the sequence of each MAC contig contains either or both telomeres (indicating the extent of the completion of the MAC contig assembly). The presence of two telomere sequences in a MAC contig indicates a complete somatic chromosome sequence (most of which are short and contain a single gene). MAC contigs can exhibit alternative fragmentation, with telomeres present at different sites, leading to multiple isoforms of a gene (Swart et al., 2013) .
We filtered the data so that consecutive MDSs for a single MAC contig that overlap or have no nucleotide gap (adjacent) in the MIC are merged (correcting previous annotation artifacts). Further, a MAC contig is excluded from the dataset for analysis if either (a) it contains non-consecutive MDSs that overlap in a MIC contig, that is, two segments that are distant in the MAC contig overlap in a MIC contig, or (b) the MAC contig is an alternative fragmentation of a longer MAC contig. See Supplementary Materials for a detailed description of the data processing.
Let represent the processed dataset. Specifically, is the set of MDS sequences describing all MAC contigs in the annotation provided in Chen et al. (2014) that remain after the above filtering steps, and represents 97.5% of the MAC contigs with >90% coverage in the MIC, together with their corresponding MIC loci. Table 1 shows different cases of MAC contigs in , which contains 15,811 MAC contigs in total. There are 2958 MAC contigs whose MDSs overlap with MDSs of other MAC loci, for example when the telomere addition site often overlaps between the end of one locus and the beginning of the next locus (Chen et al., 2014) . If a MAC contig C overlaps with another contig ′ C , then both of them are counted as overlapping contigs. The remaining contigs belong to the non-overlapping category.
A MAC contig C is called interleaving if two or more of its precursor MDSs are separated by a segment containing an MDS of another contig. There are 790 interleaved contigs and 12,063 noninterleaved contigs among the non-overlapping MAC contigs. There are 1252 MIC contigs in the previously published genome assembly that contain the precursor MDSs for only a single MAC contig and all are non-interleaving. The remaining 10,811 MAC contigs reside within MIC contigs that contain precursor sequences for multiple MAC loci.
Definition of a rearrangement pattern
For a macronuclear (MAC) contig and a micronuclear (MIC) contig that contain corresponding MDSs, a micronuclear rearrangement map is a description of both the position and the orientation of each MDS in the micronuclear contig, relative to the In general, if a MAC contig consists of n MDSs, then the ith MDS with respect to one of the strands of the MAC contig might also be described as an inverted ( + − ) n i 1 th segment with respect to the other strand of the MAC contig. Mathematically, we define a permutation ρ { … } → { … } n n : 1, , 1, , with ρ( ) = + − i n i 1 which we call the reverse-index operation.
Given , and we say that the pattern represented by α is also scrambled.
Since each pattern may be represented by up to four equivalent rearrangement maps, for each pattern we choose a pattern representative that (1) has minimal number of inverted MDSs in the rearrangement map, (2) has the lowest numerical lexicographic order for the MDS positions, and (3) delays the first inversion as late as possible, applied in order of precedence 1, 2 and 3. Thus, when two equivalent rearrangement maps do not have the same number of inverted MDSs, priority is given to the rearrangement map with fewer non-inverted segments. If there are two such rearrangement maps, the priority is given to the one with smaller lexicographic order of the MDSs. For example, in Fig. 1 both α and α AI minimize the number of inversions, but α AI has a lower lexicographic order so it is chosen to represent the scrambled pattern.
Reducing MDS Rearrangement maps
MDSs for nonscrambled patterns appear as consecutive in the MIC. Experimental data for a small number of loci suggests that the excision of IESs separating consecutive MDSs occurs early in macronuclear development (before DNA unscrambling) (Möllenbeck et al., 2008) . In terms of rearrangement maps, excision of IESs flanked by consecutive MDSs …
For convenience, we relabel such a reduced rearrangement map so that there are no breaks in consecutive MDS positions. In these cases, we say that the MDSs 
Double occurrence words and assembly graphs
MDSs in the MIC begin and end with short sequences, denoted "pointers," that provide some of the information for linking consecutive MDSs. The ith MDS in a MAC contig ends with a short (typically 2-20 bp) nucleotide repeat that also occurs at the beginning of the ( + ) i 1 st MDS. These pointers annotate recombination junctions that form the MAC contig (dark blue in Fig. 1 ). After recombination, these pointer sequences appear as only one copy in the MAC contig. We model the rearrangement process with graphs and their corresponding words. For detailed explanation of the model, we refer the reader to Angeleska et al. (2007) , Angeleska et al. (2009) .
The pointers at the beginning and end of every MDS M i are represented by a pair of integers − i 1 and i, respectively, and for brevity we call them pointers − i 1 and i. The first MDS has pointers b and 1, with b indicating the beginning of a MAC gene (5′ telomere sequence), and the last (nth) MDS of the gene has pointers − n 1 and e, with e indicating the end of the gene (3′ telomere sequence). A word associated with a rearrangement map is the list of pointers, in order, as one traces an annotated MIC contig, reading 5′ to 3′. If a MAC contig consists of a single MDS in the MIC then it corresponds to the word be, i.e., beginning and end, because there are no pointers. For the MIC contig depicted in Fig. 1 and the choice of MDS order according to strands ① and ③, we obtain the (ordered) pointer list b e 1232 13 . Since the 5′ telomere addition site, b, of the first MDS M 1 and the 3′ telomere addition site, e, of the last MDS M 4 do not participate in the MDS reordering process, we can delete them in our representation. In the remaining word, 123213, every symbol, denoting an authentic pointer, appears twice. A double occurrence word (DOW for short) is a word in which every symbol appears exactly twice. For every pointer list obtained from a MIC contig, there is a corresponding DOW as described above. In the case of a single MDS MAC contig with a pointer list be, the corresponding DOW is the empty word ∅.
We associate a spatial graph with every DOW in the following way. Place vertices (points) on the plane labeled with pointer symbols i, a starting point s, and a final point f. Starting from the vertex (point) s (indicating the 5′ end of a MIC locus corresponding to strand ①), connect the vertices with line segments (edges) in the order of the symbols that appear in the given DOW. Since each symbol in the DOW appears twice, we visit every vertex (points labeled with symbols from the DOW) twice. When we visit a vertex for the second time, we go straight through it, intersecting the existing line, to the opposite side forming a cross at the vertex. The path terminates at vertex f. A graph constructed in this manner is called an assembly graph and corresponds to the MIC loci. The vertices labeled with DOW symbols represent the pointers. Note that s and f, representing the MIC loci ends, can differ from b and e which denote the 5′ and 3′ ends of the MAC lociexcept when the terminal MDSs and hence the telomere addition sites, flank the MIC locus.
In Fig. 2 , the graph corresponds to the DOW 123213, representing the MIC contig, and its pointer list, shown in Fig. 1 . The MDSs are indicated with bold red, and their order is labeled according to choice of strands ① and ③, as described above for the DOW 123213. The MAC contig associated with this description represents a specific path through the graph (red portion) with all segments in the order M M M M 1 2 3 4 . Since the graph represents a specific MIC contig, reading the path of the graph from s to f produces the rearrangement map α = M M M M 2 3 1 4 . Reading the MDSs from f to s (reading strand ② from ′ 5 to ′ 3 in Fig. 1 We note that there may be several patterns that correspond to a given assembly graph. In particular, the map M M M M 1 3 2 4 has the same pointer sequence 123213 as α = M M M M 2 3 1 4 but its pattern (represented by the path in red in Fig. 3) is distinct from the pattern of α. Both correspond to the same assembly graph depicted in Fig. 2 .
The reverse of a word
1 . Two double occurrence words are equivalent if, after renaming of the symbols, either they are identical or one is the reverse of the other. For example, w ¼123213 is equivalent to its reverse w R ¼312321 and ′ = w 123132 is equal to w R after renaming in ′ w : 1 with 3, 2 with 1, and 3 with 2. Therefore w w , R , and ′ w are equivalent. Note that this does not distinguish between the sense or antisense strand order, but is an independent pattern. Two assembly graphs are isomorphic if and only if they correspond to equivalent DOWs (Angeleska et al., 2009) .
For convenience we choose a DOW representative where 1 is the letter assigned to the first vertex that is encountered in the graph starting from s, 2 is the next vertex, and so on. A DOW is in ascending order if the first occurrence of the numbers is in the order … 1, 2, 3, . For example, w ¼123213 is an assembly word in ascending order. Its reverse, with the same letters, is w R ¼ 312321, which is not in ascending order, but by renaming the letters, we obtain ′ = w 123132 in ascending order, which represents the same graph ordering the vertices from f to s.
Consecutive MDSs in a rearrangement map correspond to a consecutive repetition of symbols. Reduction of a rearrangement map removes the consecutive symbols that are equal, corresponding to a DNA recombination event between the two matching pointers, or simplifying the DNA sequence by eliminating simple IESs separating consecutive, nonscrambled MDSs. A similar operation on DOWs was considered in Ehrenfeucht et al. (2004) . In the example from Section 1.3, the reduction of . Biologically, during macronuclear development, evidence (Möllenbeck et al., 2008) suggests that simple IESs between nonscrambled MDSs may be eliminated first, before translocations or inversions that descramble the remaining MDS segments. This lends support to the proposed model.
Repeat and return words
We observe that the particular patterns occur highly among the scrambled MIC loci, where the portions indicated "⋯" can contain any other MDS sequence in the MAC contig (see Fig. 4 ). These MDS rearrangement maps correspond to ⋯ 12345 12345, which is a repeat word, as in Fig. 4(A) and ⋯ 12345 54321, which is a return word, as in Fig. 4(B) in the DOW. To analyze all general appearances of these patterns in the genome, we define the following formal notions. A word u is a subword of w if w is written as = w vuv 1 2 , where v 1 and v 2 are also words. A repeat or return u of w is called maximal if it is maximal with respect to the inclusion (of subwords). That is, u is not a proper subword of another repeat or return word.
In a broader sense, the maximal repeat and return words capture the longest run of consecutive odd-even interleaving MDS segments in a scrambled MIC contig. For example, in the word w¼ 12345677651234, the words 12 and 123 are both repeat words of w and subwords of the maximal repeat word 1234 of w.
Similarly 67 is a return word of w and a subword or the maximal return word 567 of w. A special case of repeat and return words are studied in Arredondo (2013) , which analyzed the nested appearances of these words in a given DOW. Here we perform similar analysis of nested repeat and return words for the annotated data to estimate all appearances of odd-even interleaved MDS patterns in Oxytricha trifallax. An example of a contig whose graph contains two step nested repeat and return words is depicted in Fig. 5 .
Repeat-return iterations:
In order to analyze the nested appearances of repeat and return words we iteratively remove their appearances in the DOWs. For each scrambled rearrangement map α in , we perform the following:
1. Merge consecutive MDSs in α to reduce it as described in Section 1.2. Construct the corresponding DOW w in ascending order. This is iteration 0. 2. Remove all maximal repeat and return words from w to obtain a new word ′ w . 3. If ′ ≠ w w, then increase the count of the number of iterations by one. If ′ w is equal to w or the empty word, then return the number of iterations. Otherwise go to step 2.
We say that the word w stabilizes after the obtained number of iterations. Observe that a reduced word 1 1 can be regarded as a trivial repeat or return word, but the iterative steps stop at the moment w becomes 1 1. Details of the above algorithm are included in the Supplementary Materials under Nested Repeat-Return Algorithm section.
Results
We examine the rearrangement maps corresponding to according to their respective reduced patterns and assembly graphs. In Section 2.1 we analyze the number of consecutive, nonscrambled MDSs contained in the micronuclear loci in , and describe the most frequent patterns that occur upon reducing their rearrangement maps. In Section 2.2 we show the assembly graphs corresponding to the most frequent reduced patterns in , and investigate their graph structures in terms of nested repeatreturn patterns.
Frequency of rearrangement patterns
In order to characterize the scrambled patterns that occur in the O. trifallax genome, we investigated all micronuclear rearrangement maps in . Most (87.2%) MIC loci in are nonscrambled, i.e., they simply contain consecutive MDSs interrupted by IESs (note that this conclusion differs from Chen et al. (2014) because is a subset of the data). The histogram in Fig. 6 represents the number of consecutive MDSs merged (IESs removed) during the rearrangement reducing process, as described in Section 1.2. The blue histogram represents the total number of MDSs merged in each nonscrambled rearrangement map in . The red portion of the histogram shows the number of consecutive, nonscrambled MDSs present in all scrambled rearrangement maps in . These nonscrambled MDSs can likewise be merged during the reduction. Fig. 6 shows that most of the rearrangement maps have either 2 (1332 nonscrambled and 160 scrambled loci) or 3 (1333 nonscrambled and 162 scrambled loci) consecutive, nonscrambled MDSs, representing 18.9% of the rearrangement maps in . For nonscrambled rearrangement maps, the number of MDSs merged during the reduction process equals the number of MDSs in the original rearrangement map, and therefore this histogram reflects the total number of MDSs in these cases (similar to Fig. 2A in Chen et al. (2014) ). In contrast, the number of MDSs that can be reduced in the scrambled rearrangement maps is sometimes zero or slightly fewer than the number of MDSs annotated for this locus in the MIC genome. 51.5% of the MAC contigs contain between 1-6 nonscrambled (consecutive) MDSs that can be merged in this process. The maximal number of MDSs that can be merged is 149, and belongs to the scrambled gene Contig13198.0 which has total of 154 MDSs (including a total of 149 nonscrambled MDSs). Fig. 7 lists the number of MDSs remaining in the reduced rearrangement maps. The most complex case is the scrambled Contig16618.0.1, which has 89 scrambled segments, none of which can be reduced.
The dataset contains 2021 scrambled rearrangement maps for MAC contigs. Here we analyze their reduced forms. We follow the convention to describe pattern representatives as described at the end of Section 1.2. The patterns appear as five basic types that describe over 90% of the scrambled rearrangement maps. Translocations are scrambled patterns containing a block of consecutive MDSs repositioned elsewhere in the MIC genome but in the same orientation. For instance, M M 2 1 , M M M 1 3 2 , and M M M M 1 3 2 4 are translocations in Fig. 8(A) . Inversions are scrambled patterns with reduced representation of the form M M 1 2 or M M M 1 2 3 (Fig. 8(B) ). A translocation-inversion pattern refers to the situation in which a block of MDSs are repositioned in the MIC contig in the opposite orientation ( Fig. 8(C) ). An example of a reduced pattern representative with translocation-inversion is M M M 1 3 2 . The fourth type of pattern frequently observed is a sequence of increasing odd numbered MDSs followed by increasing even numbered MDSs, or an odd-even repeat pattern, for example M M M M M M 1 3 5 2 4 6 . A schematic representation of this pattern is shown in Fig. 8(D) . The fifth type of pattern observed is a sequence of increasing odd numbered MDSs followed by a decreasing and inverted even numbered MDSs, which we call an odd-even return pattern, for example M M M M M M 1 3 5 6 4 2 . The schematics of this pattern is represented in Fig. 8(E) . Return and repeat pattern types correspond to return and repeat DOWs, and their associated assembly graphs are depicted in Fig. 4 . Table 2 lists the frequencies of each scrambled pattern that occurs in the Oxtricha trifallax genome annotations (Chen et al., 2014) . Among the 2021 scrambled loci, 854 (42.3% of the scrambled rearrangement maps) are represented by the pattern M M 1 2 , i.e., consist of a single inversion at one end of the map. By contrast, a single inversion in the interior of the MIC loci, M M M 1 2 3 , occurs only 27 times (1.3% of the scrambled rearrangement maps). After inversion, the next most common rearrangement event is translocation, among which the most common reduced map is the circular permutation M M 2 1 (307 occurrences). Odd-even patterns appear quite often (290 times) while translocation-inversion occurs least often (only 59 occurrences). These five types of patterns account for 81.7% of the scrambled loci. Of the remaining 370 types of scrambled loci, 243 are composites of two of the five recurrent patterns and these account for 93.7% of all scrambled reduced loci. For example, the pattern M M M M 1 4 2 3 can be explained as the oddeven return pattern M M M M 1 3 4 2 together with a translocation of M 3 to the end of the sequence. A complete list of all patterns that occur at least twice is included in the Supplementary Materials.
Graph patterns of scrambled rearrangement maps
We now consider the DOWs and graph structures corresponding to all reduced rearrangement maps in . The set of DOWs (written in ascending order) obtained from MDS lists in consists of 15,811 words. As in Section 1.2 we reduce each DOW by removing the symbols that correspond to pointers of consecutive, nonscrambled MDSs ( ) + M M a a 1 in the original rearrangement map, i.e., that appear as aa in the DOW. We denote with the list of all reduced double occurrence words obtained from . The list contains DOWs of length 0 through 88, and the words of up to three symbols are summarized in Table 3. 834 MAC contigs (5.3%) lack IESs and thus consist of a single MDS. Their rearrangement map corresponds to the empty DOW. 12,956 nonscrambled MAC contigs contain more than one MDS (maximum 120) and these contigs correspond (before reduction) to DOWs consisting of a list of consecutive identical letters, e.g., … 1122 which also reduce to the empty word. Hence, 87.2% of all MAC contigs in represent nonscrambled MAC contigs (first row of Table 2 ). We concentrate below on the remaining 2021 (or 11.8%) scrambled MAC contigs.
Over half of all scrambled loci, or 1161 MAC contigs have a reduced representation as the DOW aa for a single letter a. This means that the original DOW sequence can be written as = w waw a Table 2 ). The distributions of occurrences for each of the two situations are given in Fig. 9 , and their assembly graphs are depicted in Fig. 10 .
1 for some k in Fig. 10  (A) corresponds to the pattern M M 1 2 , and
( Fig. 10(B) ), corresponds to the pattern M M 2 1 . There are three possibilities for DOWs with two symbols: aabb, abab, and abba. Table 3 shows the numbers of appearances of words for each case among the scrambled contigs. These graphs correspond to patterns with three segments (after merging MDSs). For three letters, the DOWs and their occurrences are listed in Table 3 . Curiously, the repeat word 123123 appears in the list of reduced DOWs far more often (60 times) than the others (15 or less). The third column of the table indicates the number of patterns detected versus the number of possible patterns reflected by the same word. For example, out of 60 occurrences of the repeat word 123123, 53 are represented by the odd-even repeat pattern: M M M M 1 3 2 4 , suggesting that it is highly overrepresented. We investigate this trend further by subjecting the data to nested repeat-return pattern analysis as described at the end of Section 1.5. After the first iteration removing maximal repeat and return words, out of 860 contigs corresponding to reduced words with at least two symbols, 634 contigs have words that reduce to the empty word, and the remaining 226 stabilize after 5 iterations. Table 4 (A) indicates the number of MAC contigs whose words stabilize to the empty word after 1, 2, 3, and 4 iterations, respectively. All patterns in Table 2 4 and all the rest stabilize to patterns included in "other" in Table 2 . Out of these 176 words, 103 stabilize to a word aa. Considering that aa corresponds to the simplest odd-even patterns, M M 2 1 and M M 1 2 , only 73 patterns, or 3.6% of all scrambled loci cannot be explained with nested combinations of repeats and returns. Therefore, approximately 96.4% of all scrambled MIC contigs have patterns that require various combinations of nested repeat and return words for their description.
Computations from the algorithm in Section 1.5 indicate that all words stabilize after 5 iterations. Table 4 lists the 176 words that do not stabilize to the empty word, but stabilize after 0, 1, 2, 3, 4, and 5 iterations. Of those that do not stabilize to aa, 32 stabilize to a word aabb. Of the remaining 41, 19 have 3 symbols and 22 have 4 or more symbols, and it appears that the MDS rearrangement maps in those 41 contigs have varied scrambled patterns. Most of them have a single occurrence in the set .
Discussion
In this paper, we initiate and introduce a mathematical formulation for analyzing patterns in gene rearrangements, and we apply this method to the completely sequenced, encrypted genome of O. trifallax. Rearrangements (as processes) have been studied with string rewriting operations (e.g. Ehrenfeucht et al., 2002; Angeleska et al., 2012) 
Table 4
Number of repeat-return iterations necessary for the reduced DOWs with two or more letters, which correspond to rearrangement maps of scrambled genes, to stabilize. (A) Double occurrence words that iterate to the empty word correspond to genes that could arise from multiple iterations of the process that generates repeat-return patterns. On the other hand, words that stabilize before reaching the empty word (B) contain scramble patterns that are more complex than nested instances of the repeat-return patterns. of their appearance have not been considered, especially on a genome-wide scale. The notion of a rearrangement map patternas defined here -describes the relative sequence rearrangement between genetic precursor and product sequences, and it can be described with double occurrence words and also depicted with spatial graphs. Even the earliest sequencing of scrambled genes Mitcham et al., 1992; Hoffman and Prescott, 1996 revealed the presence of even-odd patterns (the most prevalent patterns by our analysis). The description of patterns in rearrangement maps via assembly graphs offers a tool to classify and characterize the patterns. The recent sequencing of two (precursor and product) O. trifallax genomes (Swart et al., 2013; Chen et al., 2014 ) permits a comprehensive study of the scrambled patterns in the micronuclear genome. Our study describes the patterns that appear at greatest frequency. We suggest that the theoretical models of gene rearrangement should focus on operations that can be applied to those frequent patterns. The vast majority of the micronuclear genes in O. trifallax (∼87.2% in data ) are nonscrambled and can therefore be described by simple nonscrambled rearrangement maps, similar to the situation in many other distant species of ciliates, such as Paramecium. In addition, many large regions of the scrambled micronuclear gene loci contain high number of consecutive, nonscrambled MDSs separated by IESs. Therefore their rearrangement maps, after compression of all the sequential nonscrambled MDSs, simply reduce to the same five fundamental types as seen before (e.g. Prescott and Greslin, 1992) : inversion, translocation, translation-inversion, and various odd-even patterns. However, we note that inversion and translocation-inversion are the simplest instance of an odd-even return pattern (Landweber, 1998) , and translocation is the simplest version of the odd-even repeat pattern. From this perspective, the odd-even repeat and return patterns account for 81.7% of the 2021 scrambled MAC contigs in . Almost all scrambled MIC contigs (96.4%) of the studied annotation are nested appearances of repeat-return words. Development of theoretical models that address rearrangement processes of these patterns, as well as experimental findings of intermediate molecules appearing during the rearrangement process may be of interest. The most complex rearrangement maps that do not conform to the iterative odd-even repeat-return patterns will be the subject of another study.
Repeat-return iterations
The evolutionary expansion of these recurring patterns in the germline loci must themselves have arisen from germline meitoic or mitotic recombination events that produce inversions and translocations in the MIC. This also suggests that the germline micronuclei may be particularly prone to recombination events that introduce or propagate the recurring odd/even split patterns in the genome, as proposed in Landweber (1998) and described empirically in Chang et al. (2005) , Wong and Landweber (2006) , Hogan et al. (2001) . Chang et al. (2005) , in particular, noted the evolutionary trend towards expansion of the number of MDSs within odd-even clusters among later diverging lineages, including Oxytricha. More comparisons among orthologous genes in other species with scrambled genomes will reveal whether these patterns are conserved or embellished over evolutionary time. Once a locus has become scrambled, the chromosomal region may continue to become more complex during germline evolution via additional translocations or inversions (Chang et al., 2005) . Hence the iterative process that this study describes for reducing the scrambled rearrangement maps to their underlying simpler ones may allow us to estimate how many layers of germline recombination events have historically shaped these genomic regions. Comparative germline genomics among closely related species will be the best way to test these hypotheses and to infer the evolutionary steps through which a genome became so densely scrambled.
